Four stereoisomers of 1,3-dimethyl-1,2,3,4-tetrahydroisoquinoline, an inducer of Parkinson-like syndrome, were synthesized by applying a new method of 1,2,3,4-tetrahydroisoquinoline (TIQ) synthesis utilizing the Pummerer reaction as a key step. The chiral centers at C-1 and C-3 were constructed by two routes starting from alaninol (3) and 1-phenylethylamine (4) as a chiral source. Enantiomerically pure 1,3-dimethyl-TIQs (1R,3S)-(1), (1S,3R)-(ent-1), (1S,3S)-(2), and (1R,3R)-(ent-2) were prepared in a stereochemically unambiguous manner from 3 in 11 steps (route I) and from 4 in 6 steps (route II). The conformations of tetrahydroisoquinoline ring in 1-methyl, 3-methyl, and 1,3-dimethyl-TIQs were discussed on the basis of their CD, 1 H-NMR spectra, and steric energies.
1,2,3,4-Tetrahydroisoquinoline (TIQ) and its derivatives (R)-salsolinol, 1-methyl-TIQ (1-MeTIQ), and 1-benzyl-TIQ (1-BnTIQ) are known to occur in human brain and to participate in the pathogenesis of Parkinson's disease. 1) In animal experiments it was found that 1-MeTIQ protects against the onset of parkinsonism, 2) while (R)-salsolinol, 3) TIQ, 4 ) and 1-BnTIQ 5) induce the syndrome. 1,3-Dimethyl-TIQ (1,3-DiMeTIQ) was detected in the brain of chronic ethanol-intoxicated rat which was subjected to repeated amphetamine administrations, and proved to cause behavior abnormalities similar to parkinsonism. 6) Furthermore, 1,3-DiMeTIQ was found to have weak phencyclidine-like effects. 7) However, the pharmacological experiments were carried out using a sample which consisted of a diastereomeric mixture. In this paper we describe a synthesis of four stereoisomers of 1,3-DiMeTIQ in an optically pure form, which may contribute to investigation of the biological field.
In order to prepare optically pure 1,3-DiMeTIQs in an unambiguous manner we adopted a method of TIQ synthesis utilizing the Pummerer reaction which we recently developed. 8) In the investigations, we demonstrated that the cyclization via the Pummerer reaction, if the amino group in the substrate of this reaction is protected as a formamide, quantitatively occurs under mild conditions even when the nucleophilic benzene ring of the substrate is not activated by an electron-donating substituent. 8a ,b,d) Thus, we have found an efficient and convenient method of preparing chiral 1-MeTIQ and 1-BnTIQ as shown in Chart 2.
8c) The chiral center at C-1 was introduced by using simple chiral amines and the chirality was evidenced to be completely retained at any step of this synthesis. The 1,3-DiMeTIQ possessing two chiral centers at C-1 and C-3 will be constructed through a 4-phenylsulfanyl-1,3-DiMeTIQ (A) produced by the Pummerer reaction of a chiral sulfoxide (B).
We designed and constructed two chiral centers of 1,3-DiMeTIQ using two commercially available chiral materials, alaninol and 1-phenylethylamine (Chart 3). (S)-Alaninol (3a) will give two 1,3-DiMeTIQs (1, 2) with absolute configurations of (1R,3S) and (1S,3S), and the (R)-enantiomer (3b) will give two 1,3-DiMeTIQs (ent-1, ent-2) with stereochemistries of (1S,3R) and (1R,3R) (route I). This route should produce the 1,3-DiMeTIQs with the confirmed stereochemistry at C-3 methyl group.
(R)-1-Phenylethylamine (4a) and the (S)-enantiomer (4b), on the other hand, will give 1,3-DiMeTIQs (1, ent-2) and the enantiomers (ent-1, 2), respectively (route II). This route with NaIO 4 in aqueous MeOH gave (S)-sulfoxide (11a) in good yield (87%), although sulfone (12a) accompanied it in 7% yield. Similarly, the (R)-sulfoxide (11b) was prepared from 8b in 88% overall yield. Optical purity of the sulfides (9a and 9b) was determined to be 100% by chiral HPLC analysis in which the corresponding enantiomer was not detected in any amount.
ii) Preparation of Chiral 1-Methyl-N-(1-phenylethyl)-2-phenylsulfanylethylamines (13, 14) and Their Enantiomers (ent-13, ent-14) Next, we prepared four stereoisomers of 1-methyl-N-(1-phenylethyl)-2-phenylsulfanylethylamine with two chiral centers via two routes starting from alaninol (3) (route I) and from 1-phenylethylamine (4) (route II) (Chart 5). Condensation of acetophenone with the (S)-amine (8a) proceeded smoothly when a mixture of the reactants was heated in the presence of titanium tetraisopropoxide without solvent at 80°C for 4 h. After dilution with MeOH, the products without isolation were treated with NaBH 4 to yield a mixture of two diastereomeric sulfides. Separation of the mixture by MPLC gave the sulfides (13) and (14) in 70% and 30% yields, respectively.
The enantiomers (ent-13) and (ent-14) were prepared by the same procedures starting from the (R)-amine (8b) in similar yields. The specific optical rotations of these chiral sulfides indicated that the respective pairs (13, ent-13) and (14, ent-14) are enantiomeric with each other. The results suggested that the stereochemistry of the 3-methyl group was retained during the above transformations, thus establishing the C-3 absolute configuration. The stereochemistry of the 1-methyl group was identified by the synthesis of the same sulfides starting from (R)-1-phenylethylamine (4a) and the (S)-enantiomer (4b) described below.
Condensation of the (R)-amine (4a) with phenylsulfanylacetone 10) in titanium tetraisopropoxide followed by reduction with NaBH 4 gave two diastereomers (13, ent-14) in 56% and 30% yields, respectively. The (S)-enantiomer (4b) by the same procedures gave 14 and ent-13 in 59% and 37% yields, respectively. The identities of the chiral sulfides obtained by the two routes were confirmed by chiral HPLC as shown in Fig 1. The HPLC clearly indicated that the optical purity of the chiral sulfides obtained by either route I or II was 100%. Thus, the stereochemistries of the chiral centers of 13 and ent-13 were established as cis-1,3-dimethyl (1R,3S) 11) and (1S,3R), and those of 14 and ent-14 as trans-1,3-dimethyl (1S,3S) and (1R,3R), respectively.
The sulfoxides, the substrates for the Pummerer reaction, were prepared by N-formylation of the sulfides followed by oxidation with NaIO 4 . Thus, the sulfides (13, ent-13, 14, ent-14) gave the corresponding sulfoxides 17, ent-17, 18, and ent-18 in 81%, 82%, 78%, and 76% yields, respectively (Chart 6).
Pummerer Reaction of Chiral Sulfoxides. i) Synthesis of Chiral 3-MeTIQ
The possibility of epimerization at C-3 methyl group during the Pummerer reaction was examined by applying the reaction to the chiral sulfoxide (11) which produces a 3-MeTIQ derivative. Reaction of 11a with trifluoroacetic anhydride (TFAA) in benzene at room temperature for 24 h did not cause the desired cyclization. Instead, the reaction gave the vinyl sulfide (21), an uncyclized product, in 31% yield. However, when a solution of 11a in benzene was treated with TFAA for 4 h at room temperature, BF 3 · Et 2 O was added and the mixture was allowed to react for a further 2 h; the reaction caused the cyclization to give 2-formyl-3-methyl-4-phenylsulfanylTIQ (22a) in 53% yield. In this case the vinyl sulfide (21) was not isolated, although it was detected on TLC in the reaction mixture. The 1 H-NMR spectrum of 22a exhibited very complex signals. For example, those attributable to the 3-Me group appeared as four sets of doublets, indicating that 22a consists of a mixture with respect to the stereochemistry of 4-PhS and also the rotational isomerism of the N-formyl group (Chart 7).
Reductive removal of the PhS group of 22a with NaBH 4 -NiCl 2 in MeOH-tetrahydrofuran (THF) gave 2-formyl-3-methyl-TIQ (23a) in 99% yield. This N-formate again exhibited the rotational isomerism of the formamide either in the 1 H-NMR spectrum or in its TLC behavior. Therefore, the chemical purity of 23a could not be determined at this stage. The compound 23a on deprotection of the formyl group by alkaline hydrolysis gave (S)-3-MeTIQ (24a) in 48% yield. Reduction of 23a with LiAlH 4 gave the N-methyl derivative, (S)-2,3-DiMeTIQ (25a) in 54% yield. The TIQs were well characterized by their spectral and analytical data.
The enantiomers, (R)-3-MeTIQ (24b) and (R)-2,3-DiMe-TIQ (25b) were synthesized from the enantiomeric sulfoxide (11b) in the same way. The enantiomeric property of the TIQs was clearly demonstrated by their circular dichroism (CD) spectra (Fig 2) and their optical rotations (Table 1) . Although enantiomeric excess (ee.) of the TIQs could not be determined by chiral HPLC analysis since suitable conditions for separation of the enantiomers could not be found, they must have a high optical quality since their specific rotations have values similar to those reported 12) or larger 13) as shown in Table 1 .
If the TIQ (22) was formed via the vinyl sulfide (21), the chirality at C-3 should be lost. This possibility was eliminated since the reaction of 21 with BF 3 · Et 2 O or TFAA-BF 3 · Et 2 O did not cause the cyclization to TIQ, although no characterizable products were obtained. This fact strongly suggested that the epimerization at the 3-Me group did not occur during the TIQ ring formation. ii) Synthesis of Chiral 1,3-DiMeTIQ The Pummerer reaction of the chiral sulfoxides (17, ent-17, 18, ent-18) was carried out as follows (Chart 8). A solution of ent-17 in benzene was treated with TFAA for 2 h at room temperature, then BF 3 · Et 2 O was added and the mixture was allowed to react for a further 2 h. The reaction formed three products, a 4-phenylsulfanylTIQ (ent-26), a vinyl sulfide (ent-27), and an aldehyde (ent-28) as a mixture. Desulfurization of crude ent-26 with NaBH 4 -NiCl 2 gave 2-formyl-1,3-DiMeTIQ (ent-30) in 16% yield (calculated from ent-17). Several attempts under other conditions with different amounts of reagents, reaction times and temperatures failed to improve the reaction.
Other 2-formyl-DiMeTIQs (30, 31, ent-31) were obtained by the Pummerer reaction of the corresponding sulfoxide (17, 18, ent-18) under the similar conditions in yields of 16%, 13%, and 19%, respectively.
Alkaline hydrolysis of the N-formates (30, ent-30, 31, ent-31) gave the DiMeTIQs (1, ent-1, 2, ent-2) in yields of 76%, 74%, 60%, and 65%, respectively. The pairs of the TIQs (1, ent-1) and (2, ent-2) in their CD spectra showed absorption with opposite signs (Fig 2) , respectively. The optical rotations (Table 1) as well as the Cotton effects indicated that they are enantiomeric with each other. Although the optical purity of the TIQs could not be determined by chiral HPLC analysis, their optical qualities should be excellent since their 1 H-and 13 C-NMR spectra showed no contamination of other diastereomers which could be generated by the epimerization of the chiral centers. Thus, the absolute configurations of 1,3-dimethyl groups can be assigned as (1R,3S), (1S,3R), (1S,3S), and (1R,3R) for 1, ent-1, 2, and ent-2, respectively.
Ring Conformations of 1,3-DimethylTIQ Finally, we wish to discuss the conformation of the substituted TIQ ring. The chiral moiety (piperideine ring) of 1-, 3-, and 1,3-substituted TIQs may assume two conformations, A and B (only the 3S-isomers are depicted in Fig 3) , with an opposite sense of helicity relative to the benzene ring. The semi-empirical quadrant rule of CD developed by Craige et al. 14) states that in the 1-substituted TIQ ring system the conformation A ( 2 H 3 form) shows a negative Cotton effect at 1 L b band of a benzene transition (around 270 nm), while the conformation B ( 3 H 2 form) shows a positive Cotton effect at the same CD band. This rule seems well applicable to determining the ring conformation of the chiral 1-substituted TIQ derivatives. 8c, 14) For example, (R)-1-MeTIQ which exhibited a negative Cotton effect is concluded to have conformation A with 1-pseudoaxial Me as a favored conformation.
(S)-3-MeTIQ (24a) showed a positive Cotton effect at the 270 nm CD band (Fig 2) . If the quadrant rule is applicable to 3-MeTIQ, this sign of Cotton effect indicated that the 3-MeTIQ adopts a half chair conformation (B) ( 3 H 2 form) with 3-Me in an equatorial position. In the 1 H-NMR spectrum the signals of C-4 ring protons appeared as a double quartet at d 2.49 (Hax, Jϭ11, 16 Hz) and 2.77 (Heq, Jϭ4, 16 Hz). The coupling constants (4, 11 Hz) between 3-H and 4-H indicated that the 3-Me group is in equatorial orientation if the ring has a half chair form. The CD and 1 H-NMR spectra of the N- [q] (nm) methyl derivative (25a) showed that it has the same ring conformation. Thus, the quadrant rule is concluded to be applicable to determine the ring conformation of 3-MeTIQ. 1,3-DiMeTIQ (1) with cis-dimethyl groups and the transisomer (2) showed a positive and a negative Cotton effect at around 265 nm, respectively (Fig 2) . Application of the quadrant rule indicated that the cis-isomer (1) adopts the conformation B ( 3 H 2 form) with 3-equatorial Me and 1-pseudoequatorial Me, while the trans-isomer (2) adopts the conformation A ( 2 H 3 form) with 3-axial Me and 1-pseudoequatorial Me.
In the 1 H-NMR spectra the C-4 protons showed a similar signal pattern in both stereoisomers (1, 2). The coupling constants between 3-H and 4-H have same values (4, 11 Hz), indicating that the 3-Me group of either isomer is positioned in an equatorial orientation. Thus, it can be concluded that the cis-isomer (1) adopts the conformation B with 3-equatorial Me and 1-pseudoequatorial Me, and the trans-isomer (2) also adopts the conformation B with 3-equatorial Me and 1-pseudoaxial Me. The assigned conformation of the trans-isomer (2) is in contradiction with the result obtained by the CD spectrum which suggested the conformation A.
In order to examine the validity of the quadrant rule applied to TIQ derivatives, steric energies of two conformations A and B in 1-Me, 3-Me, and two diastereomeric 1,3-DiMeTIQs were calculated by MM2. The favored conformations assigned by CD, 1 H-NMR, and the steric energies are summarized in Table 2 . The results of the calculation showed that 1-MeTIQ adopts the conformation A, while 3-MeTIQ (24a) adopts the conformation B as a favored one, respectively. These assignments are well coincident with those obtained by the quadrant rule. On the other hand, steric energies of 1,3-DiMeTIQs indicated that both the stereoisomers 1 and 2 adopt the conformation B as a favored one (DEϭ3.66 kcal/mol for 1 and 1.11 kcal/mol for 2). As shown in Table 2 this conclusion is in accord with that obtained by their 1 H-NMR spectra, but conflicts with that of the quadrant rule.
Thus, the quadrant rule using the Cotton effect of 1 L b band seems inapplicable to determine the ring conformation of 1,3-disubstituted TIQs. In other words, the Cotton effect of the transition may be affected not only by the helicity of the TIQ ring but also by some other electronic factors generated by interactions between the two methyl groups and the benzene ring.
In conclusion, the four chiral 1,3-DiMeTIQs, biologically important compounds, were synthesized by two routes using the Pummerer reaction as a key step. Route I starting from chiral alaninol (3) required 11 steps and gave the TIQs (1, 2) and the enantiomers (ent-1, ent-2) in about 3% total yield, while route II from chiral 1-phenylethylamine (4) required 6 steps to give the same TIQs in about 6% total yield. This investigation at the same time clarified the conformation of substituted TIQ ring. Contrary to our expectations, the efficiency of the Pummerer reaction forming the TIQ ring was Chart 8 Experimental Unless otherwise noted, the following procedures were adopted. Melting points were taken on a Yanagimoto SP-M1 hot-stage melting point apparatus and are uncorrected. IR spectra were obtained as films for oils and gums, and KBr disks for solids with JASCO FT/IR-5000, and are given in cm Compounds 5 and 6 were prepared according to the known procedures. Preparation of (S)-and (R)-1-Methyl-2-phenylsulfanylethylamine (8). i) Substitution of N-Benzyloxycarbonyl-O-tosyl-2-aminopropanol (6) with Potassium Thiophenol Thiophenol (11.8 ml, 115 mmol) was added to a suspension of KOH (85%, 13.7 g, 208 mmol) in THF (450 ml) and the solution was stirred for 10 min at room temperature. To this solution 6a (38 g, 104 mmol) in THF (50 ml) was slowly added, and the whole was stirred for 2.5 h at room temperature. After removal of insoluble precipitates by filtration, the filtrate was concentrated in vacuo to dryness. Recrystallization of the residue from AcOEt-hexane gave (S)-N-benzyloxycarbonyl-1-methyl-2-phenylsulfanylethylamine (7a) (30.2 g, 96%) as colorless needles, mp 70-71°C (lit., 17) mp 82-84°C 
CHCl 3 ). Preparation of (S)-and (R)-N-Benzyl-1-methyl-2-phenylsulfanyl-ethylamine (9)
A solution of 8a (5 g, 30 mmol), benzaldehyde (3.8 g, 36 mmol) and acetic acid (1.8 ml, 30 mmol) in EtOH (100 ml) was refluxed for 16 h. After the mixture was concentrated in vacuo, the residue was diluted with EtOH (100 ml) and treated with NaBH 4 at 0°C for 30 min. After decomposition of excess hydride with water, the precipitates were removed by filtration and the filtrate was concentrated in vacuo. The residue was extracted with CHCl 3 . The residue was purified by column chromatography with AcOEt : hexane (1 : 8) to give 9a (7. Formylation of 8 A mixed anhydride which was prepared from HCOOH (21 ml, 550 mmol) and Ac 2 O (24 ml, 275 mmol) was added to the (S)-amine (9a) (7.07 g, 27.5 mmol), and the whole was heated at 60°C for 1 h. After removal of the solvent in vacuo, the residue was purified by column chromatography with AcOEt : hexane N-(1-phenylethyl)-2-phenylsulfanylethylamines (13, ent-13, 14, ent-14) by Route I A mixture of 8a (3.05 g, 18 mmol), acetophenone (2.5 ml, 21.6 mmol) and titanium tetraisopropoxide (8.4 ml, 27 mmol) was heated at 80°C for 4 h under an argon atmosphere. After cooling, the reaction mixture was diluted with MeOH (30 ml), and treated with NaBH 4 (1.36 g, 36 mmol) at 0°C for 2 h. After dilution of the mixture with H 2 O (10 ml) and MeOH (20 ml), the precipitated inorganic materials were removed by filtration. The filtrate was concentrated in vacuo and extracted with Et 2 O. The soluble part was purified by column chromatography with AcOEt : hexane (3 : 1) followed by MPLC with AcOEt : hexane (4 : 1) to give 13 (3.42 g, 70%) and 14 (1.45 g, 30%) as a colorless oil.
( (14) -N-(1-phenylethyl)-2-phenylsulfanylethylamines  (13, ent-13, 14, ent-14) by Route II A mixture of (R)-1-phenylethylamine (4a) (280 ml, 2.2 mmol), phenylsulfanylacetone 10) (300 mg, 1.8 mmol) and titanium tetraisopropoxide (838 ml, 2.7 mmol) was heated at 80°C for 4 h under an argon atmosphere. After cooling, the reaction mixture was diluted with MeOH (10 ml), and treated with NaBH 4 (136 mg, 3.6 mmol) at 0°C for 30 min. After dilution with H 2 O (5 ml), the precipitated inorganic materials were removed by filtration. The filtrate was concentrated in vacuo and extracted with Et 2 O. The soluble part was purified by column chromatography with AcOEt : hexane (3 : 1) followed by MPLC with AcOEt : hexane (4 : 1) to give 13 (273 mg, 56%, Chiral HPLC: 100% ee., retention time: 6.7 min) and ent-14 (146 mg, 30%, Chiral HPLC: 100% ee., retention time: 7.4 min) as a colorless oil.
Similarly, (S)-1-phenylethylamine (4b) (280 ml, 2.2 mmol) gave ent-13 (287 mg, 59%, Chiral HPLC: 100% ee., retention time: 16.7 min) and 14 (178 mg, 37%, Chiral HPLC: 100% ee., retention time: 12.0 min) as a colorless oil.
Formylation of 13, ent-13, 14, and ent-14 A mixed anhydride which was prepared from HCOOH (13 ml, 340 mmol) and Ac 2 O (15 ml, 170 mmol) was added to ent-13 (4.5 g, 17 mmol), and the whole was heated at 60°C for 2 h. After removal of the solvent in vacuo, the residue was purified by column chromatography with AcOEt : hexane formamides (11a, 11b) . Synthesis of (S)-and (R)-3-MeTIQs i) TFAA (250 ml, 1.65 mmol) was added to a solution of 11a (100 mg, 0.33 mmol) in benzene (10 ml) at room temperature, and the mixture was stirred for 24 h under an argon atmosphere. The reaction mixture was concentrated in vacuo, and the residue was purified by column chromatography with AcOEt : hexane ii) TFAA (9.24 ml, 66.4 mmol) was added to a solution of 11a (2 g, 6.64 mmol) in benzene (100 ml) under an argon atmosphere at room temperature. After the mixture was stirred for 4 h, BF 3 · Et 2 O (5.04 ml, 33.2 mmol) was added, and the reaction mixture was further stirred at the same temperature for 2 h. The reaction mixture was extracted with CHCl 3 , and washed with 5% NaOH. The residue was purified by column chromatography with AcOEt : hexane N-(1-Methyl-2-phenylsulfinylethyl)-N-(1-phenylethyl)formamides (17, ent-17, 18, ent-18) . Synthesis of 1,3-DiMeTIQs TFAA (8.8 ml, 63.4 mmol) was added to a solution of ent-17 (1 g, 3.17 mmol) in benzene (100 ml) under an argon atmosphere at room temperature. After the mixture was stirred for 2 h, BF 3 · Et 2 O (9.6 ml, 63.4 mmol) was added, and the reaction mixture was further stirred at the same temperature for 2 h. The reaction mixture was neutralized with 5% NaOH, and extracted with CHCl 3 . The residue was purified by column chromatography with AcOEt : hexane (1 : 2) to give ent-26, ent-27, and ent-28 as a crude material, respectively. 
